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COfMUNICATION  Ul  SPACK  0PERATI0H3 
by 

C.  M.  Crain 

R,  T.  Oabler  / 

value  of  space  vehicles  operating  at  g^at  distances 
from  the  earth  will  be  dependent  to  a  high  Wgree  on  the 
f  ♦■■y  to  conmunlcate  with  these  vehicles#'*  Bie  purpose 
,  r.  of  this  paper  Is  to  explore  the  many  practical  factor* 

<»•  iniTQiwM'  4n  SM^eomnunlcatlon  problem,  to  Indicate  the 

factors  which  will  Influence  most  strongly  the  system 
designs,  and  to  point  out  areas  In  which  research  and 
davelosBent  appear  needed. 

\ 

nriRODUgrioii 

B>e  previous  paper  on  Information  theory  has  given  us  a  good  back** 
ground  on  one  of  the  basic  theoretical  limitations  In  the  oanunloaticn 
problem.  In  spite  of  the  concrete  answers  that  are  apparently  obtained 
from  the  sliig>le  formulas  of  Information  theory.  It  does  not  really  solve 
design  problems.  It  essentially  establlehee  a  limit  or  goal  which  can 
only  be  considered  as  the  ultimate  In  the  conservation  of  transmitter 

l>ower. 

In  the  design  of  communication  equipment  for  space  travel  one  will 
perhaps  be  compelled  to  make  some  unusual  trades  and  design  compromises 
which  will  result  In  odd  designs  and  novel  use  of  components.  However, 
the  means  for  attempting  to  meet  communication  requirements  will  be  found 
in  applying  fundamental  principles  of  communication  to  radically  new  con¬ 
ditions  and  environments. 

•See  P-1393  by  P.  Swsrllng. 
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Figure  15-1  Bhows  a  sketch  of  potential  conmunlcatlon  requlrenenta* 
The  recent  experiences  with  the  meajser  links  between  the  eeurth  and 
warlous  satellites  will  be  most  valuable  In  future  developa«nts . 

(gWERAL  EE3IGW  COWSIDBUfl'IOWS  FOR  COMMUNICATION  LIWK3 

The  ratio  of  traneraltted  power  to  theoretical  receiver  nolee  In  a 
radio  coenunleatlon  link  Is  glven/^^  In  decibels,  by: 


10 


^°«10  F  •  I  ■  ®t  '  °r  *  ♦  **L  *  * 


(15-1) 


where 


3 

If 


(nf) 


“r 

(nlf) 

h 

X 


transmitted  power 

noise  power  In  the  receiver 

required  slgnal/noise  ratio  at  receiver 

noise  figure  of  the  receiver 
transmitter  antenna  gain 

receiver  antenna  gain 

noise  Ijqprovement  factor 

path  attenuation  between  Isotropic  radiators  ■ 
log^Q  (4.56  X  10 Vd^) 

propagation  absorption  loss 


polarization  loss 

The  design  problem  consists  of  choosing  such  things  as  frequency, 
antenna  gain,  transmitter  power,  etc.  In  such  a  manner  as  to  best*  oMSt 
the  requirements  specified. 


In  the  sense  of  projicr  balance  between  system  performance,  cost,  etc* 
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Since  receiver  noloe  fl^^e,  antenna  gain,  propagation  Iobb,  etc.  are 
varlablei  with  frequency,  one  must  flret  Investigate  these  factora 
Individually. 

We  firet  consider  the  case  of  a  radio  link  vrlth  one  terminal  at  the 
earth's  surface.  In  the  radio  epectrum  frequencies  below  at  least  10  mega- 
oyoles  can  be  ruled  out  bocauae  of  reflection  effectfl  of  the  earth's 
ionosphere,  and  frequencleE  above  about  50,000  megacycles  ore  generally 
unsuitable  because  of  atmospheric  attenuation  by  oxygon  and  water  vapor. 
This  relates  to  the  factor  in  Eq.  (15-1).  'H'us,  on  the  basis  of  propa¬ 
gation  loss  CODS Iderat ions  sdone,  one  can  restrict  the  design  to  frequencies 
between  about  10  and  ?50,000  megacycles  If  one  end  of  the  conmunlcatlon  links 
is  on  the  earth's  eurface.  Other  undesirable  effects  such  os  the  rotation 
of  the  of  polarisation  of  waves  traversing  the  ionosphere  will  fur¬ 

ther  restrict  the  use  of  frequenclcB  •wailablo  unless  specled.  antennas 
(such  as  the  use  of  circular  polarization)  ore  provided  to  accommodate 
polarization  vsurlatlons.  If  polarization  rotation  effects  ore  to  bo  mode 
negligibly  small,  frequencies  above  at  least  1000  megacycles  must  be  used, 
(Polarization  rotation  Is  proportional  to  l/f  and  the  total  electron  con¬ 
tent  along  the  tranemlsslon  path.)  The  'peculiar'  characteristics,  l,e., 
the  apparent  low-frequoncy  modulation  on  the  signals  from  the  Sputniks  can 
bo  primarily  accounted  for  by  rotation  of  the  plane  of  polarization  of  the 
waves  In  the  Ionosphere  and  the  Bpln  of  the  vehicle. 

It  should  be  pointed  out  hero  that  If  the  communication  link  Is 
between  two  vehicles,  both  of  wtilch  are  beyond  the  earth's  Ionosphere 
(see  Fig,  15“1)  bhe  above  dlBcusolon  la  not  appropriate.  As  a  matter  of 
fact,  the  communication  problem  for  these  links  will  Involve  trade-off 
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conalderatlons  between  directive  vb  non-dlrectlve  antennae,  antenna  polnt- 
ln3  ve  apparatus  necesBaxy  fc  •  contro’.,  low-frequency  vb  hlgh-frequenoy 
aources  and  circuit  components,  and  might  In  eoroo  caBes  Indicate  the  uaa 
of  frequencies  much  lower  than  permitted  when  one  terminal  of  the  link  Is 
on  the  earth's  surface.  In  such  eysterns  a  primary  consideration  In  the 
design  will  be  that  of  optimizing  life  for  a  given  system  performance  level 
and  system  weight. 

The  path  attenuation  factor,  Ap,  as  used  In  Bq,  (15-1)  i®  directly 

2 

proportional  to  f  .(see  Fig.  15-2).  For  an  antenna  of  a  given  size,  the 
antenna  gain  (G.  or  0.. )  is  proportional  also  to  the  Bovore  of  frequency 
(aeo  Fig.  15-3)*  Thus,  If  both  receiving  and  transmitting  antennae  are 
dlx*ectlve,  for  antennae  of  fixed  size  the  higher  the  frequency  of  operation 
choBen  the  more  the  received  power  for  a  given  tranBxnlttor  power.  The  uaa 
of  directive  antennas  on  certain  space  vehicles  will  not  be  very  practical 
due  to  the  problems  of  keeping  the  beam  directed  toward  the  antenna  on  the 
earta'o  aurface.  The  design  tradeoff  here  is  loss  of  syatem  gain  using  a 
non-dlrectlve  antenna  versus  the  weiglit,  energy  consumption,  and  general 
control  difficulties  of  orienting  the  antenna  beam  from  the  space  vehicle 
eLLways  toward  the  earth  or  receiving  antenna.  The  so-called  omni-directional 
antenna  seems  by  far  the  most  likely  approach  at  this  time. 

The  noise  improvenent  factor  (nlf)  depends  on  the  type  of  modulation 
employed.  A  general  discuonlon  of  thlu  T^enn  is  beyond  the  scope  of  this 
paper.  For  amplitude  modulation  this  terra  Is  zero  (in  db )  and  may  be 
several  db  In  the  cne-*  of  frequency  modulation  If  adequate  signal  level  Is 
available,  dep-jnding  on  the  t/jH?  of  noise  Involved.  For  the  pvirpoee  of 
this  paper,  neglecting  this  term  has  little  effect  on  the  onoluslons 


reached. 


Distance  in  miles 
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Fig. 15-2  —  Path  attenuation  between  isotropic  antennas 


Gain  decibels 


Frequency  megacycle 


Galn*log|Q  (  S.SXiO'^f^  ) 

0 ■  diameter  In  feet 
/"frequency  In  megacycles 


Beam  angle,  0, • 


7X10' 


Diameter  In  feet 


Steerable  beam 
estimated  cost 

(millions  of  dollors) 
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Example.  f»IOOO  Mc/s 
D'  105  fl 
G"  49  db 
0"O,7  degree 
Cost '  i  million 


Fig.l 5 - 3  —  Relations  betv;een  parabolic  antenna  gain, 
frequency,  size,  and  estimated  cost  (steerable  beam) 
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The  term  ^  ,  or  desired  slgruiI-to-nolBe  ratio,  depends  on  the 
particular  tyjie  of  system  under  consideration.  In  some  cases,  a  ratio  of 
10  or  less  is  adequate  and  in  others  higher  val\»e  are  required.  A  tele¬ 
vision  picture  of  average  quality  heis  a  signal-to-noise  ratio  of  the  order 
of  loo  (20  db),  and  speech  is  intelligible  with  signal- to-noise  ratios  of 
the  order  of  2  (3  db). 

The  noise  figure  of  receivers  is  approximately  proportional  to  fre¬ 
quency  in  the  frequency  range  of  100  to  10,000  megacycles.  At  300  megacycles 
noise  figures  of  2  to  4  have  been  obtained,  uhlle  at  10,000  MC  a  value  of 
20  (or  13  db)  is  reasonable.  Cteviously,  this  indicates  the  choice  of  fre¬ 
quencies  in  the  lowr  range,  if  possible. 

Combining  all  the  above  coislderatlons  one  can  conclude  that  frequen¬ 
cies  in  the  range  of  300  to  3,000  MC  appear  soraeuhere  near  optimum  for 
earth-to-spMe  systems.  At  lower  frequencies  Icmospheric  effects  are 
troublesome;  at  higher  frequencies  receiver  noise  may  dominate;  and  at 
even  higher  frequencies  atmospheric  absorption  is  a  limiting  quantity. 

niere  are  new  type  detectors  such  as  masers  and  cooled-crysted.  detec¬ 
tors  on  the  development  horizon  which  will  greatly  reduce  the  receiver 
noise  problems  at  the  higher  frequencies  in  our  range;  however,  overall 
improvement  from  using  these  elements  w5.11  not  be  nearly  m  much  as  a  com¬ 
parison  of  detector  noise  figures  would  indicate,  since  cosmic  noise,  solar 
noise,*  and  man-made  noise  will  Impose  limitations  at  a  level  not  very  tax 

*The  nozmal  levels  of  the  emissions  from  these  sources  are  quite 
frequency-dependent,  with  the  intensity  decreasing  with  increetsing  frequency. 
In  the  frequency  range  under  discussion  the  levels  are  such  that,  in  general, 
for  non-dlrectional  antennas  cosmic  noise  predominates  and,  with  narrow  beam 
directed  at  sources  such  as  the  sun  or  radio  stars,  solar  or  astral 
noise  predominates.  The  strongest  radio  star,  Cassiopeia,  produces  a  flux 
density  of  about  2x10"^  watts  per  square  meter  par  cycle  bandwidth  at  the 
earth,  at  a  frequency  of  lOO'  MC.  This  is  approximately  the  same  as  that 
produced  by  a  quiet  svin. 
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below  that  now  roBa.tlng  from  receiver  detector  nolac.  These  new  dovlcea 
will  bo  much  more  attractive  for  radio  astronomy  applications  whora  tho 
object  1b  to  detect  such  things  as  cosmic  and  radio  Btea*  emissions.  In 
Bpaoo  ooramunication  considerations,  those  emissions  ore  naturs-Lly  undesir¬ 
able  Interforonco  or  simply  another  type  of  noise. 


DESIGN  EXAMPLE!  VOICE  AND  VTDEQ  LUNAR  LINKS 

Lot  U8  apply  our  oonclualono  to  the  proolem  of  designing  a  voice 
transmlBBlon  circuit  between  the  earth  and  a  space  vehicle  near  tho  moon. 

We  will  arbitrarily  aseume  a  bandwidth  of  1000  cj'clefl  at  a  1000  megacycle 
center  frequency,  and  assume  tho  necessity  of  a  signal-to-noiso  ratio  of 
10  db,  AIbo,  wo  will  neglect  tho  noise  improvement  factor  in  tho  analysis, 
since  it  will  depend  on  specifying  a  particular  type  of  modulation. 

At  a  frequency  of  1000  megacycles,  the  propagation  loss  due  to  energy 
absorption  in  the  medium  should  be  in  the  fractional  db  range,  or  negli¬ 
gible  for  the  earth-moon  path.  The  path  attenuation  loss,  Ap,  involves 
the  divergence  of  energy  with  distance  from  a  point  source  and  amounts  to 
205  db  at  1000  MC. 

The  receivei-  noise  power  is  evaluated  from  the  theoretical  thermal 
noise  expression 

P  «•  4  X  10  ^  receiver  bandwidth,  (l5-2) 


For  our  case,  we  have  assumed  that  a  bandwidth  of  1000  cycles  is 
adequate  for  voice  tronsnl  salon .  Tims 


P  =  4  X 

n 


4  X  10 


-10 


X  1000 


watts 


(13-5) 


F-1 39/4 
2-21,-bS 
10 


Nolee  figure  (nf)  of  the  lOOO-megacyele  receiver  vlll  be  close  to 
8  db  If  v<8  aasuiM  the  use  of  present  type  equipment.  The  question  now 
arises  as  to  the  noise  power  radleted  from  the  moon  Iteelf .  If  we  point 
an  antenna  at  the  moon,  how  much  nolae  is  received  relativB  to  cosmic 
nolset  Soma  data  available  on  such  problems  as  this  Indicate  noise  tem- 
peraturea  up  to  several  hundi  jd  degrees  Kelvin  In  the  microwave  region. 
The  need  for  more  data  of  this  type  is  Indicated;  1  /ever,  for  our  partl- 
culsu*  dfislgn,  such  nolae  la  not  a  limiting  quantity, 

Svunmarlzlng  our  design  v«  have 


8 

u 

■“n 

(nf) 

(nlf) 

'’l 


10 

X  10 
0  lb 


-10 


0  by  assumption 

0  (duo  to  proix?r  choice  of  frequency) 

205  db  from  chart  (F’lg.  15-2) 

0  (isotropic  tronomlttlng  euntenna  in  the  space  vehicle) 


or 


10  log 


X  10 


205)  +  10  +  8  -  c  -  -  0  -  0  (15-**) 

r 


Thus,  we  con  choose  arbitrarily  the  space  vehicle  transmitted  power 
and  the  earth-based  antenna  gain  to  oatisfy  the  above  equality.  Making 
P  large  is  undasirr.ble  bucauoe  of  the  energy  consumption  factor  for  the 
space  vehicle,  euid  making  In-rge  is  undesirable  because  of  nvechonlcal 
problems  In  positioning,  difficulties  in  treucking  with  wiry  narrow  beams, 


cost,  etc 
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If  w*  MSUM  P^>1  vatt,  we  can  calculate  Imedlately  that 
•  223  -  17>^  -  db. 

A  Il9  db  gain  parabola  operating  at  1000  bo/s  has  a  noolnal  dlaaeter 
of  103  PMt  as  shown  in  Pig.  13-3.  Ihe  beaa  width  of  sudi  an  antemia 
Is  0.7  degree.  A  steerable  parabolic  dish  of  this  site  will  cost  several 
Billion  dollars,  and  the  cost  increases^^^  ej^ooeatlally  as  the  else  loersaeee* 

If  we  decrease  to,  say,  0.1  watt,  the  corresponding  anteoDa  dia- 
BBter  and  beaa  angle  are  330  feet  and  0.2  degree.  The  beaa  txcm  this 
antenna  would  cover  only  two  parts  per  million  of  the  hemisphere.  Dus  to 
practical  problems  such  as  refraction  and  sclntlUatlons  In  the  angle  of 
arrival  of  radio  waves  In  traversing  the  atmosphere,  satisfactory  systaa 
performance  with  such  an  antenna  may  prove  most  difficult.  If  the  trans¬ 
mitter's  position  In  space  were  exactly  known  the  acquisition  and  traoking 
problem  would  be  bad  enough;  If  the  position  were  unknown,  the  problem  of 
acquisition  and  continuous  traoking  would  appear  most  formidable  even  with 
the  use  of  advanced  and  complex  searching  techniques.  It  wotild  sppear  that 
for  this  example,  the  use  of  transmitted  powers  of  a  watt  or  more  would  be 
a  practloal  reqiulrement. 

If  we  wish  to  transmit  live  pictures  from  the  vicinity  of  the  boob 
using  television  equipment*  of  somewhere  near  the  present  broadcast  quality 
we  can  calculate  by  the  above  procedure  the  system  requirements.  If  we 
assuns  the  transmission  Is  at  a  frequency  of  1000  megacycles  as  before,  wa 
obtain  for  a  4  megacycle  bandwidth  and  a  slgnal-to-nolse  ratio  of  10  db, 

*An  alternate  method  of  picture  transmission  will  Involve  photography, 
film,  and  a  film  scanner.  The  TV  system  requirements  are  not  nearly  as 
elaborate,  as  the  scanning eon  proceed  at  an  arbitrarily  slower  rate.  A  com¬ 
plete  comparison  of  the  advantages  and  disadvantages  of  these  systeiu  will 
not  be  undertaken  here. 


P-1394 

2-24-58 

12 


AasuBlng  the  lO^foot,  or  49  db,  pcurabola  on  the  earth  (aa  \ued  In  the 
audio  link),  «a  obtain 


“  ^0  r;-  -  ifk 

1*6  X  10 


-  2.5  X  10^^  X  1.6  X  10*^*^  -  4000  watti 


Ad  additional  factor  which  ean  oonqpUoate  our  prohlen  la  that  of 
doipplar  ahlft.  lot  ua  imagine  ualng  a  alinple  ayatem  in  Whloh>wa  trananlt 
a  ataibla  fraqaaDoy,  aay  1000  nagaoyolea  from  the  earth  or  apaoe  vehicle 
antenna  with  a  1000  cyola  ayatem  bandwidth,  aa  In  our  audio  n»*it  axniplB. 
The  received  freqioMocy  la  different  from  the  tranaaltted  frequency  by  the 
anount  of  the  doppler  ahlft  (due  to  the  relative  velocity  between  the 
trananlttar  and  receiver).  Thla  ahlft  la  given  by  the  relation 

^trananltted 

'd  - 

idiere 

fjj  la  the  doppler  ahlft 

V  la  the  relative  velocity  between  tranamltter  and  receiver 
e  la  the  velocity  of  light 

If  we  aaaume  that  the  relative  velocity  la  small  enough  to  Ignore  relativity 
effeeta,  the  relation  becomea 

“  ^transmitted 
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For 


V  ■  15f000  Beters/aeo  and  f(tranniltt«r)  ■  1000 


t  .  ^  ^ 


X  10 


3  X  10 


F 


-  5  X  10  or  30  KD. 


Thua,  tbe  rseelTod  algDal  frequeney  1*  30  kilooyBloa  dlffarant  froa 
the  tranamltted  frequency*  If  we  are  atteoptlng  vlth  our  narro«a>beaB 
antenna  and  narrow-band  aenaltlve  reeeiver  to  reoaive  tba  apaoe  eehlela 
trananlaalona  and  do  not  know  the  frequency  we  are  attesting  to  reoelwef 
we  obvloualy  have  aevere  acqulaltlco  probleaa.  Ihla  problaB  can  be  allerl- 
ated  on  the  ground  end  of  the  link  by  using  more  complex  receiving  equip¬ 
ment  (for  exairple,  many  separate  narrow-band  receivers).  However,  this 
procedure  does  not  appear  attractive  for  the  apace  vehicle  installation 
when  we  think  of  the  weight,  voliras,  and  electrical  energy  eoosui^ion 
factors  involved.  Vfe  will  not  pursxie  further  possible  solutions  to  this 
problem  In  this  limited  discussion. 


ELECTRICAL  EaEP^-^  FACTORS 

In  current  cosmunlcatlon  links  one  is  normally  concerned  primarily 
with  power  considerations.  For  space  eoeiminieation  link*  total  energy 
consunqption  will  probably  be  a  more  important  factor  than  power  consumption 
alone.  One  will  be  interested  not  only  in  the  system  requirements  for  a 
given  task  but  also  in  the  life  of  the  link.*  If  electrical  energy  is  to 
be  supplied  from  stored  energy  of  some  form  in  the  space  vehicle  itself 
one  can  arrive  at  a  reasonable  life  estimate  from  the  simple  relation 

The  relatively  short  radio  conraunlcatlon  life  of  the  recent  satellites 
is  a  pertinent  example. 
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Life  .  watt-ho^8  pound  of  energy  source  x  pounds  of  energy  source 
total  power  consumpti^  of  eoinniunlcation  system 

For  example,  the  1-watt  transmitter  In  our  previous  example  would 
ooosume  a  total  of  perhaps  10  watts,  when  auxiliary  system  components, 
filament  poiMr,  aopllfler  efficiency,  etc«,  are  considered. 

Practical  energy  sources  can  deliver,*  say,  50  watt-hours  per  pound, 
Thua,  the  voice  transmitter  for  the  lunar  link  would  have  some  five  hours 
of  life  per  pound  of  electrical  energy  source.  The  video  transmitter 
(4000  watts  radiated  power)  would  have  a  total  povrer  consumption  of  perhaps 
10,000  watte.  Thus,  It  would  require  10,000/50  or  200  pounds  of  electrical 
energy  source  for  each  hour  of  transmlsslcm. 

(In  the  above  exanples,  the  etssumptlon  la  made  that  the  acquisition, 
tracking,  doppler  shift,  and  other  problems  have  been  solved  so  that  the 
system  actually  performs  ao  advertised. ) 

The  use  of  devices  such  as  currently  available  solar  cells  appears 
quite  attractive  for  space  communication  applications,  since  the  energy 
is  supplied  by  an  external  source  instead  of  being  carried  In  the  space 
vehicle.  Solar  radiation  amounts  to  about  2  KW  per  square  meter  In  outer 
space  and  can  be  converted  to  electrical  energy  in  presently  available 
silicon  cells  with  about  10  per  cent  efficiency.  The  performance  of  these 
devices  under  the  Influence  of  meteor  and  cosmic  bombardment  is  yet  to  be 
ascertained. 

The  use  of  nuclear  sources  for  electrical  energy  appears  feasible, 
particularly  for  large  energy-consuming  systems;  however,  the  use  of  such 
sources  In  the  vicinity  of  transistors  and  other  components  of  commvtnlcatlon 
systems  may  Involve  special  considerations  in  shielding,  etc. 


•See  P-131fl  by  J.  H.  Huth. 


P-1394 

2-24-58 

15 


SWmiY 

In  this  paper,  ue  have  attempted  to  present  a  somewhat  general  picture 
of  the  nature  of  the  space  coeinunleatlon  problem  and  have  slanted  the 
disouesion  toward  systems  In  which  one  end  of  the  link  Is  on  the  earth's 
Buriace.  Specific  examples  of  an  audio  link  and  a  video  Unk  to  a  lunar 
distance  were  presented  to  Indicate  somewhat  specifically  how  various 
factors  affect  the  overall  coammlcatlon  problem.  It  would  appear  that 
the  problem  of  satisfactory  comroml  cation  with  space  vehicles  at  lunar 
distances  or  beyond  may  be  quite  difficult  (depending  on  the  weight  limi¬ 
tations)  and  will  also  be  quite  expensive  even  If  the  rate  of  Infoxmatlon 
transmission  Is  quite  small  relative  to  cuzrent  standards. 

AreM  of  research  and  development  (other  than  building  larger 
larger  payload  vehicles)  which  appear  most  Important  to  achieving  various 
practlcaJL  coranunleation  systems  for  space  operation  Include: 

o  Radiation  characteristics,  both  thermal  and  non- thermal,  of 
the  various  extra-terrestial  sources  such  aa  the  s\m,  moon, 
planets,  radio  stcurs,  and  the  galaxy, 
o  Design  and  performance  of  large  antennas  with  steerable  beams, 
o  Antennas  for  space  vehicles. 

o  Sources  of  electrical  energy  for  space  vehicles  and  their  oper¬ 
ational  chauracterlstlcs  In  a  space  environment, 
o  The  effect  of  the  earth's  troposphere  and  Ionosphere  on  the 
transmission  of  radio  waves  of  veurlous  frequencies, 
o  System  components  such  as  transistors,  tubes,  and  low  noise 
detectors. 
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o  Bast  Mthods  of  acquisition  and  tracking  of  sources  having  low 
Intensity  and  variable  frequency  ealaslon. 
o  The  acpoaitiap  of  space  outside  the  earth's  ataospherSf  Ineludlng 
the  solar  and  lunar  ataospbere. 

0  Nathods  of  awaaiUng  infomatloo  for  nost  efficient  transnlssloa* 
o  Nsans  of  obtaining  reliability  for  unattended  operation  In  space 
envlronaant. 


1,  Hsferenoe  Data  for  Radio  ftiglneers.  Fourth  Bdltlcn,^  19^6. 

2,  Kraus,  Proo»  I»R.E«,  Vol.  46,  Ho,  1,  1958,  p,  92. 


